Abstract-The electric turbocharger (ET) is a promising solution for engine downsizing. It provides great potential for vehicle fuel efficiency improvement. The ET makes engines run as hybrid systems so critical challenges are raised in energy management and control. This paper proposes a real-time energy management strategy based on updating and tracking of the optimal exhaust pressure setpoint. Starting from the engine characterization, the impacts of the ET on engine response and exhaust emissions are analyzed. A multivariable explicit model predictive controller is designed to regulate the key variables in the engine air system, whereas the optimal setpoints of those variables are generated by a high-level controller. The two-level controller works in a highly efficient way to fulfill the optimal energy management. This strategy has been validated in physical simulations and experimental testing. Excellent tracking performance and sustainable energy management demonstrate the effectiveness of the proposed method.
I. INTRODUCTION
T HE growing concern of global warming due to the greenhouse gas emissions have raised great attention in improving the energy efficiency of the transport sector. In 2015, the transport sector consumed 27% global energy [1] and contributed 23% global CO 2 emissions [2] . Internal combustion engines (ICE) will continue to dominate transport systems for several decades. Nowadays, more than 95% of transport energy are consumed by ICE and this figure is predicted to be around 90% by 2040 [3] . In ICE, 30-37% fuel energy is lost in exhaust gas, this figure can be significantly reduced by engine downsizing and energy recovery. This target can be achieved using advanced turbocharger technologies [4] . In traditional turbochargers, the turbine is driven by the exhaust gas, and the compressor connected to the turbine is rotated. As a result, the fresh air is compressed raising intake manifold pressure. This layout recovers part of the exhaust gas energy that would otherwise will be lost, but has two main drawbacks. First, the amount of recovered energy at a specific engine operating point is limited by the compressor power demand to deliver the desired torque. Second, the engine torque response is constricted at low engine speeds due to the turbo lag. The electric turbocharger (ET) is a promising solution to overcome these drawbacks. In the ET, an extra-high-speed electric machine (EM) is mounted on the shaft connecting the turbine and compressor wheels. This layout improves the fuel efficiency by running the EM as a generator, and improves the transient response by running the EM as a motor. Recently, a consortium led by Caterpillar developed an ET for heavy-duty diesel engines, named the ET Assist (ETA). The three-dimensional (3-D) prototype model and the real device of the ETA are illustrated in Fig. 1 . The ET provides multiple benefits, which are elaborated in the following. 1) Improved Transient Response: In periods of low boost, the compressor is driven electrically and therefore the transient response is improved. Caterpillar [5] and Mitsubishi Heavy Industries [6] have demonstrated that the ET improves the torque response by 50% or more compared to traditional turbochargers. The ET has also been used in Formula 1 race cars to boost acceleration [7] . 2) Engine Downsizing: The ET enables engine downsizing through improved air delivery, whereby a smaller capacity engine can provide the power previously delivered by a larger engine. In [5] , Caterpillar downsized a 9.3 L heavy-duty diesel engine to 7.01 L using the ETA. In downsized engines, the average engine operating point is closer to its high fuel efficiency zone. Extra fuel benefits can be obtained through reduced engine mass, reduced heat transfer, and reduced friction. 3) Improved Fuel Efficiency: Through the ET, the surplus exhaust gas energy is recovered. Pankl Turbosystems [8] reported a reduction of CO 2 emissions by 5.3 g/km under real driving conditions. In [9] , the ET is evaluated on a 4.75 L diesel engine, while a 6.7% fuel economy benefit is observed in the engine high power operating region, and the value is 1.2% when the engine runs under C-WTVC driving cycles.
4) Low Cost Energy Recovery Solution:
The recovered exhaust gas energy can be used to assist the powertrain traction. The system in this layout is called the electric turbo-compounding (ETC). Compared to other waste heat recovery technologies such as the thermoelectric generator (TEG) and organic rankine cycle (ORC), the ETC is a more economical solution. The disadvantage of the TEG is the expensive materials and low energy conversion efficiency (<4%) [10] . The main obstacle in developing the ORC is the high cost in retrofitting due to its complexity. The cost of installing a 20-50 kW ORC system is 1500-2000 $/kW [11] . The ETC is more cost effective because of easy assembling [12] .
5) Applicable to Hybrid Electric Vehicles (HEVs):
The ET has gained its popularity in HEVs because it provides an additional freedom in vehicle energy recovery [13] . The complete description of applying the ET on HEV is given in [14] . By applying an ET called e-boost on a MercedesBenz E-Class hybrid car, a 0.7% fuel economy benefit has been observed in the FDC driving cycle [15] . Moreover, the e-boost offers up to 4% reduction in acceleration time. The application of ETs have been generalized from road vehicles to marine vehicles [12] . Several types of EMs including the switched reluctance machine (SRM) [16] , induction machine [17] , and permanent magnet synchronous machine [18] have been used for the manufacturing of the EM within the ET. Several milestone studies on the characterization have also been completed as follows. The engine fuel efficiency is impacted by the pumping losses, which vary when the ET works as a motor or generator [19] . It has been shown that the ET optimal working condition can be determined by the exhaust pressure [20] . The ET decouples the intake manifold and exhaust manifold, which has been verified by multiple studies [21] . Furthermore, the controllability of the ET has been proved in [22] .
Efficient real-time energy management and control are the keys to the success of the ET. They are required to find and track the optimal exhaust pressure. Meanwhile, maintaining the stateof-charge (SoC) level of the onboard battery in a reasonable range is essential. Real-time energy management and control of the ET are less developed compared to the progress in its manufacturing and characterization. In [23] , the ET is controlled in an open-loop manner. In [24] , only the air-fuel ratio (AFR) is controlled rather than the exhaust pressure. In [25] , the ET and the other actuators are controlled independently without considering the interactions. None of them settled the energy management problem. This paper presents an attempt to address the gap.
Three critical physical constraints have to be considered in a controller design. On the inputs side, the variable geometry turbine (VGT), exhaust gas recirculation (EGR), and the EM are the primary actuators. VGT and EGR can both actuate from fully closed to fully open position, which are normalized from 0 to 1. Moreover, the EM can only work in the range between the maximum motoring power and maximum generating power. All the constraints on inputs are considered in designing the multivariable controller. On the outputs side, the exhaust pressure is a critical variable. With increasing exhaust pressure, additional pumping work is required, and less energy will be available to boost intake manifold pressure. This can lead to an increase in fuel consumption, particulate matter (PM) and CO emissions [20] . A too high exhaust pressure may stall the engine. In this paper, the allowable maximum exhaust pressure is calculated in the calibration. The third constraint is thermal management due to the EM running at extra-high speeds in a compact housing. This problem is mitigated by employing a high efficient oil-cooling system [22] . This paper is based on an 7.01 L ETA-equipped heavy-duty diesel engine. An integrated real-time energy management strategy is designed for both transients and steady state. The impact of ETA on engine acceleration and exhaust emissions are analyzed. The energy management strategy is presented in a hierarchical structure. At high level, the desired exhaust pressure is computed to distribute energy flows in the optimal way. At the lower level, the actuators are regulated using the explicit model predictive control (EMPC) method to achieve the desired energy flow distribution in a centralized way.
II. SYSTEM DESCRIPTION AND ANALYSIS

A. System Description
The diagram of an electric turbocharged diesel engine (ETDE) is illustrated in Fig. 2 , while the critical variables and parameters are listed in Table I . The ETA is a single-stage turbocharger consisting of a VGT, an EM, and a compressor, which are mounted on the same turbine shaft. The expansion of the exhaust gas across the VGT rotates the compressor, and thereafter the fresh air is pumped into the intake manifold. When the EM runs in generating, some of the exhaust gas energy is used to charge the battery so the turbine speed drops. This raises p exh and T exh . On the other hand, when the EM runs in motoring, p exh and T exh both drops. The VGT closes more to ensure sufficient energy is used for air compression. An SRM is used as the EM because of its simple structure and the resulting low cost. The SRM has a rated power of 5 kW.
According to the conservation laws of mass and energy, the air system dynamics can be determined by the pressure and mass changes in the intake and exhaust manifolds:ṗ in ,ṗ exh , m in , andṁ exh [25] . Strong nonlinearities exist for the mass flow exchanges among the EGR, VGT, compressor, and manifolds. 
TABLE I NOMENCLATURE
The mass flow rates can be expressed as
where W e is modeled by the speed-density equation; W egr is modeled using the standard orifice equation; and W t and W c are modeled as nonlinear functions with respect to the efficiencies η t and η c . The dynamics of the turbocharger is represented by the mechanical equatioṅ
where η m quantifies the bearing power losses and windage losses. The power of both compressor and turbine are represented by maps with respect to η t and η c
B. Analysis on Controllability and Observability
The ETA provides an additional degree of freedom in regulating air system, but also makes the control more complicated. p in and W c are controlled in conventional diesel engines, which are linearly independent [26] . However, with the introduction of the EM, improving transient response is an additional target and therefore, one more independent output has to be identified. By segregating the entire engine operating region into multiple local zones, the ETDE model in one local zone can be represented as a linear model
where x ∈ R n , u ∈ R 3 , and y ∈ R 3 are the state vector, input vector, and output vector, respectively; A, B, and C are coefficient matrices to be identified. It is required that (2) is controllable and observable. In other words, all the states should be linearly independent and can be measured/estimated. Here n = 3 is selected and therefore, x and y are linearly correlated. Consequently, the problem is transferred to find an extra observable output, which is independent of p in and W c . 1) Controllability: The enthalpy of exhaust gas speeds up the turbine, which is a relatively slow process. The resulting rotated compressor transfers this kinetic energy to the fresh air, which is a fast process. This means that the ETA decouples the exhaust and intake manifolds and therefore, p exh can be selected as the extra output [21] . p exh is the critical variable impacting the pumping loss, so it is the key parameter to be optimized in improving the fuel efficiency [27] .
2) Observability: The three outputs, p in , p exh , and W c can all be measured by sensors [28] . To reduce the cost of transducers, it is more popular to estimate W c using observers [29] [30] . The estimation of the simultaneous W egr value has been well-developed.
As a summary, the inputs and outputs are selected as
and thereafter (2) is guaranteed to be a controllable and observable system.
C. Analysis on Transient Performance
The impacts of ETA on engine response and exhaust emissions are evaluated in both load acceptance and load shedding through experimental testing, while the engine runs at a speed of 1800 r/min. The opening of VGT and EGR are set as constants: χ vgt = 0.5 and χ egr = 0.3.
In load acceptance, T L rises linearly from 120 N·m at 20 s to 800 N·m at 21 s. The desired AFR, denoted as AFR , decreases almost linearly in transients. Applying different P em from 0 (EM OFF) to 5 kW (the maximum motoring power) in transients, testing results are illustrated in Fig. 3 . The engine responses are given in Fig. 3(a) , where N drops from 1800 to 1429 r/min and requires 4.5 s to recover when the EM is OFF. With the increasing P em , the speed drop is significantly reduced and N recovers more quickly. In the case of P em = 5 kW, N drops to the minimum value of 1669 r/min and takes 3.2 s to recover. The speed drop magnitude and speed recovery time have been improved by 64.7% and 28.9%, respectively. The acceleration is caused by improved AFR as shown in Fig. 3(b) . The AFR at low load (1800 r/min, 120 N·m) and high load (1800 r/min, 800 N·m) are 44.3 and 21.5, respectively. Before 20.4 s, the AFR has drift but not far from the AFR at every P em setting, indicating the compressed air is enough. It can also be observed in Fig. 3(a) that the speed trajectories are quite close before 20.4 s. After 20.4 s, the AFR drops far below the AFR so more air boosting assistance is necessary. In the transient period of [20 s, 21 s], AFR holds the highest value in the case of P em = 5 kW and therefore the best air flow delivery is achieved, showing the effectiveness of the ETA. This is also illustrated in Fig. 3(c) . When the EM runs at the maximum motoring power, the response of W c is about 0.6 s faster than when the EM is OFF. Moreover, the EM assistance introduces less overshoot on W c , where the peak value reduces from 897 to 803 kg/h. Less unnecessary but faster fresh air delivery produces another benefit, which is the reduced nitrogen oxides (NO x ) emission. With the increasing P em , the mixture of air and fuel is lean and therefore the peak combustion temperature drops. This directly contributes to the NO x emission reduction.
In the load shedding case, T L drops linearly from 800 N·m at 20 s to 120 N·m at 21 s, and the AFR increases almost linearly. Applying different P em from 0 to − 5 kW (the maximum generating power) in the transient period, the testing results are illustrated in Fig. 4 . As shown in Fig. 4(a) , the peak value of N is around 1930 r/min and the recovery time is around 2.7 s for all P em settings. The variation on the overshooting or recovery time of N is less than 4%, which is fairly small. It is because the AFR is higher than AFR in transients for all P em settings, as shown in Fig. 4(b) . The sufficient mixture of air and fuel guarantees efficient combustion so the engine response is not significantly affected. When the EM runs at the maximum generating power in load shedding, W c is reduced more sharply. It is illustrated in Fig. 4(c) that the ETA provides up to 0.6 s faster response on W c . Running the EM in generating mode prevents unnecessary air delivery and leads to the reduction of NO x emission. This indicates that recovering exhaust gas energy in load shedding has no compromise on engine response or emissions. The analysis in transients suggest that the ETA should run at the maximum motoring power in load acceptance and run at the permissible maximum generating power in load shedding.
III. REAL-TIME ENERGY MANAGEMENT STRATEGY DESIGN
Real-time energy management is to distribute the energy flows in an optimal way. It is achieved by online generating and tracking of the optimal setpoints of p in , p exh , and W egr , denoted as p in , p exh , and W egr . According to the vehicle exhaust emission standards relating to NO x and PM, p in and W egr are generated from offline characterization. To maintain the battery SOC within a special range while minimizing the brake specific fuel consumption (BSFC), p exh would be updated online. The proposed strategy consists of high and lower level controllers as shown in Fig. 5 , where SOC is the desired value of SOC. The high-level controller generates the optimal setpoints, which would be tracked by employing the lower-level controller.
A. Lower-Level Controller Design
The EMPC is selected as the lower-level controller for its capability in dealing with internal couplings and external constraints. The controller is synthesized offline using the multiparametric quadratic programming method based on a linear model. The model is identified from calibration data. Afterwards, the synthesized controller will be run on the engine control unit (ECU). In the online implementation, the optimal control laws will be invoked according to engine feedback signals. The complete procedure in compiling and implementing the EMPC is illustrated in Fig. 6 . 1) Problem Formulation: On the basis of the system model (2), the control problem is defined as the following optimization problem:
where
The constraints on u are the amplitude boundaries of the control signals, and the constraints on y represent the physical ranges of the outputs, where u and y have been defined in (3) . H p and H c are the prediction horizon and control horizon, respectively, where H p ≥ H c is held.
2) Model Identification:
The system model (2) can be represented by
where A, B, and C are functions of a parameter vector θ. Model identification is to decide these matrices by estimating θ from input-output data. Therefore, the identification problem is formulated as minimizing
while m is the number of training data samples. The prediction error minimization method is employed to estimate θ [31] , while θ is initialized using the numerical algorithm for subspace state space system identification (N4SID) [32] . θ is iteratively optimized based on the least-square method, until the variation on V m (θ) is sufficiently small [33] . In this paper, the ssest solver in MATLAB System Identification Toolbox is used to identify the model. Two independent data sets are generated for model identification. As an example, in the experimental training and validation data at (1800 r/min, 120 N·m), the sampling frequency was 100 Hz for both data sets. The time window length was 600 s for training data and 900 s for validation data. The constraints of inputs are 3) Controller Synthesis: Online optimization in standard MPC is computationally intensive. This issue can be addressed by solving (4) offline over predefined ranges. The optimization problem (4) can be reformulated as [34] , [35] 
where H, F, G, W, E are algebraically transformed from Q, R and system model (2) . (11) is transformed into the following optimization problem:
where S E + GH -1 F T . The solution z (k) is a continuous piecewise affine function defined over a polyhedral partition, so is the U (k)
where the inequalities mean the constraints on the polygons, and q is the number of polygons.
The MATLAB model predictive control toolbox is used to generate EMPC control laws. The control laws are stored in lookup tables within the ECU. In online implementation, control laws are read from the table without conducting any optimization. This grants the EMPC an advantage of reduced computation time meanwhile maintaining identical performance with the MPC. In real-time control, only the first component of U (k) would be applied
In the next sampling step, U (k + 1) is called from the lookup table again, and u(k + 1) is updated accordingly. In this paper, H p was set as 10, while increasing H p has limited impact on control performance. H c was set as 1 to avoid aggressive control actions. The output weight matrix was set as Q = diag[(50, 50, 50)] by heuristics. The input weight matrix was set as R = diag[(1, 1, 1) ]. R has a small value because the magnitude of inputs are not treated as prices [36] .
In Fig. 7 , the performance of EMPC at 1800 r/min, 120 N·m in simulation is illustrated. The command signals vary between y min = 150 kPa 190 kPa 90 kg/h T and y max = 190 kPa 240 kPa 130 kg/h T . When step changes happen on y , the tracking is fast in spite of y i (i = 1, 2, 3) change in different directions. The simulations validate the effectiveness of the EMPC and build confidence for experimental testing.
B. High-Level Controller Design
The high-level controller generates p exh according to offline mapping and online optimization. In the offline mapping, the relationships among p exh , P em and BSFC are found. In the online optimization, a feedback controller regulates the battery SOC while maximizing the energy efficiency.
1) Problem Formulation:
In the ETA, the following power balance equation holds:
To reveal the impact of battery SOC deviation on engine running, an equivalent power is defined as
Traditionally, the engine fuel economy is quantified by BSFC: Θ = W f /P b . In the ETDE, an equivalent BSFC is defined as Θ e = ΘP eq /P t . The control problem is formulated as
2) Offline Mapping: The offline mapping is completed at specific engine operating points. In this process, p exh is increased in a staircase manner, while p in and W egr are generated by the ECU. The developed EMPC controller is used to track the updated y . The values of p exh will be feasible only if p exh , p in , and W egr can all be tracked for u ∈ [u min , u max ]. For each feasible p exh , the values of Θ, P t and P em will be recorded.
3) Online Optimization: p exh varies according to different s(SOC) values, which impact Θ e . To recover the battery SOC in real time, the equivalent factor in (16) is designed as where K is a positive constant to be designed, ΔSOC = SOC − SOC , and SOC is the desired value of SOC. At different SOC values, P t and P em have different weights on Θ e , and then p exh is read from the lookup table that corresponds to Θ e , which holds the minimal value.
IV. VALIDATION RESULTS
The experimental setup is based on a Cat C7.1 ACERT heavyduty off-highway diesel engine as shown in Fig. 8 . Exhaust emissions are measured using a Horiba 9000 DEGR analyzer. The fuel system and thermal management are controlled by the ECU and visualized on Vector CANape. The engine speed and torque are controlled by an AVL Bobcat system. The proposed controller is built in Simulink, where the EGR control signal is sent via the ECU, and other control signals are sent from a target xPC. The calibration results from experiments have been used to set up the high fidelity physical engine model in Dynasty. Dynasty is a proprietary multiphysics simulation software developed by Caterpillar, in which the engine manifolds are modeled as one-dimensional components. The ranges of allowable p exh were calibrated in Dynasty, while the lowlevel controller and energy management strategy were evaluated in experimental testing.
A. Evaluation of the Lower-Level Controller
The control performance at (1800 r/min, 120 N·m) is illustrated in Fig. 9. Step changes are set on the setpoints of outputs. The engine uses about 5 s to stabilize from cold start. In Fig. 9(a) , (c), and (e), the average overshoots of p in , p exh , and W egr are less than 2.5%, 3.6%, and 7.2%, respectively. The root-mean-square error (RMSE) is introduced
where M is the number of tracking data samples. The RMSE of p in , p exh , and W egr are 2.53 kPa, 2.32 kPa, and 1.63 kg/h, respectively. The settling time of all outputs are less than 1 s. The fast and accurate tracking is because of the swift actions on actuators, as shown in Fig. 9(b 
B. Evaluation of the Energy Management Strategy
A 0.03 kWh battery is adopted and the allowed SOC variation range is [0.2, 1]. The integrated energy management strategy is evaluated under block loads between 120 and 800 N·m, while the load profile is shown in Fig. 10(a) . The maximum EM motoring power is applied in load acceptance, and the maximum EM motoring power is applied in load shedding. This setting reduces the oscillation on N less than 100 r/min, as shown in Fig. 10(c) . 
The SOC is regulated to vary around the desired value as shown in Fig. 10(e) , while SOC = 0.5 and the SOC initial value is 0.2. This is achieved by updating and tracking of the p exh in real time. Meanwhile, p in and W egr are both well-tracked. The tracking performance of p in , p exh , and W egr are illustrated in Fig. 10(b), (d) , and (f), respectively.
C. Evaluation of the Controller Robustness
The EMPC controller should maintain its robustness because it is required to be both effective in a zone and at a single operating point. The testing results are demonstrated in Fig. 11 .
The controller was tested under a series of different operating points, as shown in Fig. 11 , respectively. At all of the operating points, the air system is well-regulated, where the turbine speed is quickly stabilized, as shown in Fig. 11(e) . p in , p exh , and W egr are set as 170 kPa, 210 kPa, and 110 kg/h, respectively. They are well-tracked as demonstrated in Fig. 11(b) , (d), and (f). This means that the EMPC controller is effective in a local operating zone once the actuators are not saturated. This is because in a local zone, the variations on the engine model is restricted to a local neighborhood.
D. Calibration of the Optimal Exhaust Pressure Setpoint
The control performance at (1800 r/min, 120 N·m) with fixed p in and W egr values is illustrated in Fig. 12 . p in and W egr are set as 150 kPa and 70 kg/h, respectively, while p exh increases as a staircase, with the initial value of 160 kPa and the step of 5 kPa. For each step, the simulation continues for 20 s. The tracking performance and control signals are presented in Fig. 12(a) and (b), respectively. The reference signals are all well-tracked when p exh ≤ 230 kPa. When p exh increases, the turbine shaft needs to rotate slowly and therefore, the EM moves toward the generating mode from motoring mode. Meanwhile, VGT closes more to provide more assistance for air compression. This is to maintain the required p in value. On the other hand, the EGR closes more too because increased p exh will raise W egr when χ egr is fixed. When p exh > 230 kPa, χ vgt will be less than 0.1, which is out of the allowed band and consequently the tracking of p exh will fail. Therefore, p exh ∈ [160 kPa, 230 kPa] is set at low load. On the basis of the P t and P em values recorded at different p exh settings, the trajectory of p exh is plotted in Fig. 12(c) .
V. CONCLUSION
A real-time energy management strategy on a state-of-the-art ET for heavy-duty ground vehicles was proposed in this paper. The performance of the ETDE in transients was tested and analyzed. To improve acceleration and reduce NO x emissions simultaneously, the ETA should be run at maximum motoring power in load acceptance and run at maximum generating power in load shedding. In steady state, an EMPC controller was analytically designed to track the setpoints of three selected outputs in a systematic way. A high-level controller was designed to maximize the ETDE energy efficiency while the battery SOC was maintained around the desired value. Convincing results were demonstrated in physical simulations and experiments. Future work will focus on the control and testing of the second generation ET called e-turbo.
